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Summary

A Monte Carlo particle
simulation platform was
developed to model the
dosimetry of **P micropar-
ticle internal radionuclide
treatment for advanced
pancreatic cancer. Patient-
specific dosimetry simula-
tions based on data from
previous **P microparticle
clinical studies demonstrated
the importance of consid-
ering non-uniform dose dis-
tributions as well as relative
dynamic changes in tumor
volume and dose rate during
treatment. These results will
be valuable in designing
future personalized treatment
strategies.

Purpose: To develop a Monte Carlo model for patient-specific dosimetry of **P micro-
particle localized internal radionuclide therapy for advanced pancreatic cancer.
Methods and Materials: Spherical tumor geometries and a pancreatic phantom were
modeled, as well as different 3-dimensional non-uniform clinical pancreatic geome-
tries based on patient-specific ultrasound images. The dosimetry simulations modeled
the dose distribution due to the energy spectrum of emitted beta particles.

Results: The average dose for small (3-cm diameter) and large (6-cm diameter) spher-
ical tumors was 111 Gy (for 7.6 MBq administered activity) and 128 Gy (for 58 MBq),
respectively. For the clinical 3-dimensional geometries, on the basis of patient data, the
mean doses delivered to the tumor were calculated to be in the range 102 to 113 Gy,
with negligible dose to the pancreas for the smallest tumor volumes. The calculated
dose distributions are highly non-uniform. For the largest tumor studied, the pancreas
received approximately 6% of the tumor dose (5.7 Gy). Importantly, we found that
because the smallest tumor studied exhibited the most dynamic changes in volume
in response to the treatment, the dose to tumor and pancreas is significantly underes-
timated if a static tumor volume is assumed.

Conclusions: These results demonstrate the dosimetry of **P microparticle localized
internal radionuclide therapy for pancreatic cancer and the possibility of developing
personalized treatment strategies. The results also highlight the importance of consid-
ering the effects of non-uniform dose distributions and dynamic change of tumor mass
during treatment on the dosimetry of the tumor and critical organs. © 2017 Elsevier
Inc. All rights reserved.
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Introduction

Internal radionuclide therapy (IRT) is well established in
the field of nuclear medicine for treating different types of
cancer (1-3). Phosphorus-32 microparticle therapy is an
active implantable (radiologic) medical device intended for
use in IRT, whereby cancer is treated by the insertion of
radioactive implants directly into the cancerous tissue. It
consists of silicon microparticles containing the radioactive
phosphorous isotope 2P, which is a pure beta emitter.
Phosphorus-32 is one of the most promising radionuclides
for localized IRT (LIRT) owing to its ability to localize
energy deposition (short-range beta particles) and its long
exposure time (98% of the radiation is delivered within
81 days, or approximately 6 half-lives). Additionally, it has
been shown that *?P is the most effective therapeutic
radionuclide in heterogeneous radioactivity distribution
cases when the effective half-life is dominated by the
radionuclide physical half-life (4).

Internal radionuclide therapy/LIRT needs to be reliably
assessed with personalized (patient-specific) dosimetry cal-
culations to accurately evaluate the efficacy and safety of the
therapeutic radionuclide in both clinical and research set-
tings. Although existing standard dosimetry software (eg,
OLINDA/EXM) can perform dose calculations for an indi-
vidual patient’s critical organs, it has 2 major shortcomings.
First, the software assumes a uniform activity distribution in
the source organ for calculating the mean absorbed dose to a
target organ. Second, for tumor dosimetry, it does not
consider the effect of the dynamic change of the tumor mass
or volume and dose rate variation. A previous study (5)
showed that for tumors with a short shrinkage half-life
(shorter than the radionuclide half-life), the dose correction
factor could be as high as 10. These major shortcomings
might have led to inaccurate predictions of deterministic
biological effects, including tumor response and normal tis-
sue toxicity, attributable to the spatially non-uniform dose in
the target and temporally changing dose rates (4-6). Unfor-
tunately there is a lack of experimental and theoretical
dosimetry studies on dynamic tumor masses. More generally,
there are limited dosimetry studies of IRT/LIRT for pancre-
atic cancer. The dosimetry of internally distributed radioac-
tivity can, however, be calculated with high accuracy by
utilizing Monte Carlo particle simulations (6). Hence, this
study aims to develop a Monte Carlo model for patient-
specific dosimetry of **P microparticle LIRT for pancreatic
cancer, including the effects of dynamic tumor mass on the
dosimetry of the tumor and surrounding pancreas.

Methods and Materials
Monte Carlo simulation

All simulations were performed using GATE7.1 software
(7), based on the Geant4 10.1 PO1 Monte Carlo toolkit (8),

which includes databases for commonly used radionu-
clides. Phosphorus-32 is a pure beta-emitting radioisotope
with a physical half-life of 14.27 days. The mean and
maximum energy of the emitted betas is 0.695 MeV
and 1.711 MeV, respectively, corresponding to an average
and maximum range of 2.8 mm and 8.2 mm in water (7-9).
The Geant4 beta particle energy spectrum was imported
into GAT, and unless otherwise stated all the simulations
were performed using this spectrum.

The stochastic processes of beta emission, hit distribu-
tion, associated energy, and dose deposition were simulated
using Monte Carlo radiation transport within GATE. The
low-energy electromagnetic physics package (10) of
Geant4, which describes electron, photon, and light ion
interactions over an energy range of 250 eV to 1 GeV, was
used for all simulations.

Geometric model of tumor and pancreas

Tumors were initially modeled as spheres with a diameter of
either 3 cm (V = 14.1 cm®) or 6 cm (V = 113.1 cm?),
corresponding to the lower and upper limits of the range of
sizes encountered clinically. Each spherical tumor was uni-
formly filled with water and placed in a cubic water phantom
with a side length of 1 m. A source volume (Vg = 0.08umor)
was placed at the center of each tumor. Additional simula-
tions were performed with 2 and 3 source volumes (to mimic
a multiple-injection scenario) for 3-cm and 6-cm diameter
tumors, respectively. The initial specific activity for the 2 and
3 volume sources was divided equally between each volume.
Additional simulations were performed for an ellipsoid
tumor inside a pancreas phantom (Figs. la and 1b). The
pancreas phantom was modeled as a half-ellipsoid with a
section removed, and an ellipsoid tumor shape with volume
of 14.1 cm® was placed at the center of the pancreatic head.
This model is based on the mathematical human phantom
model developed by Cristy and Eckerman (11) for an
average adult pancreas size, defined by:

<xax0>2+(%)2+<zc_.10>2g1 (1)

wherea = 15cm, b = 3cm,c = 1 cm.

X > xg, and z > zg

Two spherical sources were positioned along the y di-
rection inside the tumor (Fig. 1) for each simulation. Then
the average dose to the tumor and pancreas was calculated.

Clinical tumor geometries

Three different non-uniform tumor models with 9 different
volumes were modeled on the basis of 2-dimensional (2D)
ultrasound images and measured tumor volumes from
clinical study patients (Fig. 2). In this clinical study a total
of 17 patients with advanced pancreatic cancer were
treated with >?P microparticles. All the modeled tumor
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Fig. 1.

Geometry setup in the GATE simulation. (a) The pancreas phantom with an ellipsoid tumor at the center of the

pancreatic head; (b) ellipsoid tumor in the pancreatic head with boundary closer to the tumor. Two spherical sources (blue
spheres) are placed along the y direction. The source-target geometry is visualized from the z axis view. (A color version of

this figure is available at www.redjournal.org.)

volumes were based on data from 3 patients with ultra-
sound images and 3 other patients whose measured tumor
volumes best represented the observed range of small,
medium, and large volumes. Because the ultrasound im-
ages were 2D, the 3-dimensional (3D) volume of each
tumor was modeled for a possible large, medium, and
small tumor size (Fig. 2). For each tumor volume size, a

2D-Ultrasound Large Tumor

Fig. 2.

number of square and rectangular voxels were used to
construct a 3D volume with geometric features similar to
the 2D ultrasound images. Voxels were scaled in 3D to
obtain initial tumor volumes that matched the clinically
measured values, 111, 29.2, and 8.9 cm’ (see movie pro-
vided in Supplementary Materials; available online at
www.redjournal.org).

Medium tumor Small tumor

Geometry of 9 irregularly shaped 3-dimensional tumor models based on clinical 2-dimensional ultrasound images

(a-c). White and red margins delineate the tumor and *?P activity distribution, respectively. (A color version of this figure is

available at www.redjournal.org.)


http://www.redjournal.org
http://www.redjournal.org
http://www.redjournal.org

1032 Gholami et al.

International Journal of Radiation Oncology e Biology e Physics

Single or multiple ellipsoid sources were modeled in
each tumor volume to simulate the spatial activity distri-
bution in the 2D ultrasound images. For all the models the
ellipsoid source was positioned in a way that the boundary
would be close to or align with the tumor edge. These
source-target geometries are intended to represent the worst
case scenario that could occur in a clinical setting.

Total number of beta particles and average
absorbed dose

The total number of betas emitted in each tumor volume
was calculated from the total activity administered clini-
cally. For a typical treatment the prescribed activity con-
centration is 8% of the tumor volume multiplied by 6.6
MBg/mL. All simulations were performed assuming that

100% of activity remained within the initial volume. The
total number of nuclear disintegrations can be estimated
using the cumulated activity equation (12):

7 A
A= /Aoe’l’dt=70= 1.44 x Agti2 (2)
0

In(2)
tiyp”

where A = —

For all the simulations a total of 10'* beta particles with
energies randomly sampled from the *’P spectrum were
emitted from the source volume in random directions
(Fig. 3a-e). For the spherical tumor models, simulations
were also performed using the average beta particle energy,
659 keV, for comparison against the full spectrum. Results
were normalized to the total number of beta particles

Fig. 3.

Source-target geometry. (a, b) Single and double spherical sources at the center of a 3-cm tumor; (c, d) single and

triple spherical sources at the center of a 6-cm tumor; (e) pancreas phantom with ellipsoid tumor at the center of the
pancreatic head. Red and green tracks represent emitted beta particles and scattered photon trajectories, respectively. (A color

version of this figure is available at www.redjournal.org.)
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corresponding to each delivered activity. All the phantoms
(spherical, pancreatic, and clinical) were voxelized, and
parameters such as dose and deposited energy were stored
into this 3D matrix according to the spatial position of the
hit for each given volume. The average doses were calcu-
lated using Equation 3:

E:%id,« 3)

where N is the number of voxels and d; is the computed
dose in each voxel. The total number of voxels (with side
length of =20 pm) for the 3-cm and 6-cm spherical
tumor volumes are =1.19 x 10° and =4.71 x 108,
respectively. Additionally, 2D histograms of the dose
distribution for different tumor volumes and the pancreas
were calculated.

Dynamic tumor volume variation

The dosimetry of a dynamically changing tumor volume
was investigated, and the corresponding variations in dose
rate and average dose to both tumor and the volume outside
the tumor were calculated as follows. The GATE dose re-
sults for the small, medium, and large non-uniform clinical
tumors (Fig. 2) and pancreas were imported into MATLAB
(MathWorks, Natick, MA). The dose in each voxel for both
tumor and pancreatic volumes was calculated as a function
of the total activity, A (), to obtain the dose rate as a
function of treatment time (total 24 weeks). The total tumor
volume variation was modeled according to measurements
taken during the clinical study at time points of 0, 8, 16, and
24 weeks from the time of implant. The dose rate as well as
the average dose was then calculated for each tumor
volume and the pancreas using a polynomial fit to the
measured data points. The temporal evolution of the tumor
volume was automatically calculated by MATLAB for
I-minute time frames from this continuous polynomial
curve. Voxels were adjusted (scaled or removed) to update
the 3D dose calculations for each time frame. The activity
volume (voxels containing activity) was assumed to remain
static throughout, because the *?P microparticles are
delivered in a viscous suspension, with limited diffusion.

Results

Dose distribution in spherical and pancreatic
tumor models

Figure 4a-d shows 2D dose distributions within the spher-
ical tumor model calculated by integrating the corre-
sponding 3D dose distribution along the z axis. The mean
dose to the tumor volume D7y is indicated in each case.
These results demonstrate the high degree of dose locali-
zation confined to =8 mm from the source point and also
show that when approximating the beta energy spectrum
with the mean energy, D7y is underestimated, by = 6% for

the 3-cm single-source case (Figs. 4a and 4b). The standard
deviation (SD7y) values of the dose distributions for the
spherical tumor model also demonstrate the high degree of
non-uniformity in dose coverage. For the single-source case
shown in Figure 4b, for example, the maximum dose
is =748 Gy, which is =3.3 SD above the mean, whereas
the minimum dose is =0.1 Gy. These coldest voxels
represent =3% of the total spherical tumor volume. The
median dose is = 10 Gy, which is considerably less than the
mean (= 111 Gy) and thus demonstrates that the mean dose
is a poor indicator of the dose received by the majority of
voxels. The uniform dose coverage is further quantified
from the fraction of tumor volume that receives less than
10% and 25% of mean dose, which was calculated to be
Vit gy = 49% and V<yy3 gy = 63%, respectively.

Figure 4e-g shows 2D dose distributions within the
pancreas phantom model containing an ellipsoid tumor
calculated from the corresponding 3D dose distributions in-
tegrated along the z axis. A double *?P source with the full
beta energy spectrum was used. Figs. 4h and 4i show the
corresponding  cumulative  dose-volume  histograms
(CDVHs), compared with those assuming a uniform distri-
bution of dose to the tumor at the mean value, = 109 Gy. The
median dose is 15 Gy and the coldest voxels receive 0.15 Gy,
which again demonstrates strong non-uniformity. Similarly,
the maximum dose to the tumor is =526 Gy (Fig. 4h), which
is =2.7 SD above the mean. Moreover, =46% and = 59% of
total tumor volume receive less than =11 Gy (10% of the
mean dose) and =27 Gy (25% of the mean dose), respec-
tively. These simulations predict that for a prescribed mean
dose of Dyy = 109 Gy delivered to the tumor, the pancreas
receives only =0.6% on average (ie, =(0.6 Gy mean dose).
The peak dose received by the pancreas is = 3.5 Gy (Fig. 41),
and the minimum voxel dose is zero.

Dose distribution in clinical tumor geometries

Figure 5 shows the dose distributions of all 9 irregularly
shaped clinical tumors with varying volumes, calculated from
2D ultrasound images from 3 individual patients. The red
regions indicate the highest dose deposition, whereas the
purple regions represent dose deposited by scattered elec-
trons, a small number of bremsstrahlung photons, and a small
percentage of emitted energetic beta particles. Corresponding
CDVHs for the tumor volume are presented in Supplementary
Materials (available online at www.redjournal.org) and
demonstrate strong non-uniformity in dose distribution. The
tumor volumes receive inadequate dose coverage in some
regions, suggesting that multiple sources of **P may be
necessary to achieve clinically significant outcomes. Dose to
the pancreas varies from negligible levels to up to 5.7 Gy.

Dosimetry of dynamic tumors

Figure 6 shows the changes in dose rate due to decreasing
activity and varying tumor volume for the large, medium,
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and small tumors over 24 weeks. The varying tumor
volumes were measured for each of the 3 patients, after
delivery of *?P microparticles, at 8, 16, and 24 weeks. In
all cases, the dose rate dropped to a negligible level in the
16- to 24-week period of the treatment. The large tumor
received 58 MBq of **P microparticle activity. After the
first 8 weeks of treatment, the tumor volume decreased
from 111 cm® t0 93.6 cm3, and by 16 weeks it decreased
to 44.7 cm’. However, the tumor volume increased
slightly to 55.4 cm® in the third 8-week period. The
medium tumor received 15 MBq of **P microparticle
activity, and the volume decreased monotonically from
29.2 cm® to 18.4 cm® after the first 8 weeks and then to

Dry= 104 Gy b
SDyy = 136 Gy

Dry=1116y
SDyy =191 Gy

16.6 cm® and 12.8 cm? after the second and third 8-week
periods, respectively. In the case of the small tumor 5
MBq of **P microparticle activity was administered, and
the tumor volume exhibited a more dynamic response to
the treatment compared with the medium and large vol-
umes. The small tumor initially decreased in the first
8 weeks of treatment, from 8.9 cm® to 6.3 cm3, but then
increased in size dramatically to 11.7 cm® after the sec-
ond 8 weeks and then decreased again to 6.1 cm’ after
the third 8 weeks.

The results in Figure 6 clearly demonstrate the impor-
tance of considering the relative changes in dose rate and
tumor volume over treatment time. The dynamic changes in

Dy =110 Gy d
SDyy = 151 Gy

Dry=128 Gy
SDyy = 149 Gy
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Fig. 4. Two-dimensional dose distributions for spherical tumor models and the ellipsoid tumor within the pancreas

phantom. (a) A 3-cm tumor with single source and average beta energy; (b, ¢) 3-cm tumor with single and double sources and
full beta particle energy spectrum; (d) 6-cm tumor with triple source and full beta particle energy spectrum; (e-g) 2D dose
distribution of the ellipsoid tumor in the pancreas, the ellipsoid tumor only, and the pancreas phantom itself, respectively;
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dynamically changing tumors. (A color version of this figure is

tumor volume over the course of the treatment have an
impact on dose deposited both inside the tumor and outside
(ie, pancreas). For the small tumor the simulation of a static
volume predicts an average dose delivered in the first
8 weeks of treatment of 113 Gy, whereas the dynamic
volume simulation predicts 148 Gy. Indeed, in all 3 cases
(small, medium, and large tumors) our results indicate that
the assumption of a static tumor volume underpredicts the
actual delivered dose, with a larger discrepancy for smaller
initial tumor volumes.

available at www.redjournal.org.)

The simulation results also reveal that the change in
tumor volume has the greatest impact on organ dose outside
the largest tumor. The average dose to the pancreas was
19 Gy, which is =16% of the tumor dose. This is mainly
due to the inadequate spatial coverage of the dose delivered
to the tumor. Note that if a static tumor volume is assumed,
then the average dose to the pancreas drops to 5.6 Gy,
which is only =5% of the tumor dose. Thus, assuming a
static tumor volume underestimates the absorbed dose to
the healthy parenchyma.
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Discussion

Dose distribution in spherical and pancreatic
tumors

For the spherical tumor models, our simulation results
(Fig. 4a-d) clearly show the non-uniform distribution of
dose that peaks at the injection site and declines rapidly,
spatially localizing tumor coverage to a radius limited by
the maximum range of the beta particles (8.2 mm in water).
Our results also show the strong non-uniformity in dose
within the coverage area. This demonstrates the limitations
of commonly used dosimetry software (eg, OLINDA) that
assume a uniform dose distribution throughout a tumor. Our
simulations indicate that multiple injections would be
required to achieve an approximately uniform dose distri-
bution in a 3-cm diameter tumor; 3 injections, for example,
would reduce the SD by =20% compared with a single
injection.

For the more realistic pancreatic tumor model, our
simulations (Fig. 4e-g) also suggest that more than a single
injection of *?P will give better tumor coverage and dose
uniformity in the pancreatic head, while minimizing
exposure to the surrounding pancreas. The CDVHs show
that =90% of the pancreas volume receives <1.5 Gy
(Fig. 4i). For the tumor volume CDVH, Figure 4h shows
that a uniform dose distribution at the mean dose value is a
poor approximation of the actual distribution. This is
important because it is the minimum dose to the tumor that
is mostly likely to affect the tumor response to treatment:
cancer cells receiving a dose below an effective dose may
proliferate and lead to tumor progression or recurrence,
whereas cells receiving a dose above an effective dose
should receive lethal damage.

Dose distribution in irregularly shaped tumors and
surrounding pancreas

For the tumor models based on clinical patient ultrasound
data (Fig. 5), our simulations indicate that more source sites
(injections of **P) may be needed to achieve adequate dose
coverage of the tumor. The radiobiological effects of non-
uniformity in tumor coverage can be quantified with the
equivalent uniform dose calculation, based on the extended
linear-quadratic model for a nonconstant, exponentially
decreasing dose rate (4, 13, 14). This requires information
on the tissue radiosensitivity and DNA repair parameters
for patient-specific pancreatic tumor cell lines. Although
this information was not obtained for the patients whose
clinical data were used in this study, in principle it promises
a personalized approach to treating advanced pancreatic
cancer with *?P microparticles.

For tumors larger than 10 cm3, our results indicate that
more than 1 injection is needed. The dose to the pancreas
varies depending on tumor volume and the degree of ir-
regularity in tumor shape. The worst case scenario was for a

large tumor that received 105.5 Gy mean dose, but 5.7 Gy
(=5%) was delivered to the pancreas. This absorbed dose
is still lower than the dose that is delivered to the pancreas
from other IRT procedures. For example, a previous clinical
study (15) found that IRT with an '*'I radiolabeled antibody
for patients with peritoneal carcinomatoses could result in
an absorbed dose of 2.87 to 7.75 Gy to the pancreas. It was
suggested that this range of dose to the organ is unlikely to
result in acute symptoms or subacute disturbance in
pancreatic function. Nevertheless, the tail of the pancreas is
the most critical organ component because radiation
toxicity in the tail could result in diabetes. This is an
important issue for external beam radiation therapy because
the absorbed dose to the pancreas could be as high as =20
to 29 Gy (16). Our simulation results indicate that
comparatively little dose is delivered to the pancreatic tail
by 2p microparticle treatment.

Dosimetry of dynamic tumors

For the models in which shrinkage and growth of tumors
during treatment were considered, our results (Fig. 6) show
that the initial tumor volume is an important determinant of
the response to the time-varying dose delivered to the
tumor. Assuming the tumor volume remains static
throughout the treatment results in an under-prediction of
the actual delivered dose, and this has the most significant
impact on smaller tumors that can vary in size more
dynamically than larger tumors. Although all the tumors
(modeled as large, medium, or small) shrank in the first
8 weeks of treatment, in response to the peak in dose rate of
delivered **P, the rapid increase in volume in the middle
8 weeks for the small tumor correlated with the rapid decay
in dose rate. This tumor swelling may be a sign of edema,
but no further clinical data are available to corroborate this.
Interestingly, in the final 8 weeks of treatment the small
tumor shrank rapidly, despite the negligible dose rate.
Although this swelling followed by shrinkage may simply
represent a lag in response to the radiation treatment,
another possible explanation is that the tumor, compro-
mised by the initial radiation treatment, becomes respon-
sive to the upregulated immune system. Indeed, previous
studies (17) have shown that localized irradiation of a
pancreatic tumor can change the tumor microenvironment,
causing inflammatory cytokines and thus increasing traf-
ficking and retention of T lymphocytes to the tumor. It is
possible that a synergistic effect may be in play: the initial
high rate and localization of dose deposition within the first
8 weeks of *?P treatment inflicts sufficient damage to the
tumor that it eventually succumbs to the immune system’s
response, which is then primarily responsible for the
observed treatment response—a marked decrease in tumor
volume during the third 8-week period after injection of
2P, The immuno-responsive mechanism could include an
increased activity of lymphocytes into the tumor microen-
vironment, thereby enhancing tumor cell recognition and
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killing through upregulation of tumor antigens and induc-
tion of positive immunomodulatory pathways (17-20).

A similar effect has been observed in the case of external
beam radiation therapy and selective internal radiation
therapy, whereby delivery of a high and localized dose has led
to systemic responses at distant sites, a phenomenon known
as the abscopal effect, which has been attributed to the in-
duction and enriching of the immune response (21-26).

However, because the patients were also treated with
gemcitabine, a chemotherapeutic with radiosensitizing
properties (27), the observed tumor shrinkage in the final
weeks of treatment, when activity was negligible, may be
attributable to the effects of this drug (28, 29). Further
clinical studies are needed to confirm this.

Conclusion

Our results have determined that for a clinically pre-
scribed activity in the range 5 to 60 MBq, *’P micro-
particles deliver a =100- to 120-Gy mean dose to a
pancreatic tumor volume. Our results also suggest that for
clinically relevant tumor shapes, multiple injections may
be required to overcome the non-uniform activity distri-
bution. We found that for 2 injections, the organ dose
remains limited to 5% to 6% of the tumor dose in the
worst case scenario studied. Our study also highlights the
limitation of assuming a uniform mean dose distribution.
We found significant deviations from the mean dose
value, including a nonnegligible number of cold voxels
that potentially present a risk of tumor recurrence or
proliferation. Additionally, this study demonstrates the
importance of considering the dynamic change in tumor
volume in internal radionuclide therapy dosimetry.
Dosimetry of both the tumor and adjacent critical organs
is affected by the dynamic change of the tumor mass
during treatment, and this effect is generally more pro-
nounced for small tumors that initially shrink at a rate
faster than the radioisotope decay rate. Our simulation
and modeling results, based on patient-specific data,
demonstrate the efficacy of **P microparticles in treating
advanced pancreatic cancer and the possibility of
designing personalized treatment strategies.
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